I. INTRODUCTION

F
OR long-haul optical communication systems, ultra-broadband, high bit rate front-end transimpedance amplifiers are needed. 40 Gb/s-class ICs using AlGaAs HBTs have already been demonstrated [1] , [2] . GaInP/GaAs heterojunction bipolar transistors (HBTs) grown by MOCVD have been first demonstrated by the authors [3] , and this technology is currently accepted as a superb alternative to AlGaAs/GaAs HBTs due to the absence of Al, the excellent etching selectivity, and better reliability characteristics [4] , [5] . Monolithic broadband GaInP/GaAs HBT transimpedance amplifiers having a bandwidth (BW) of 19 GHz have been demonstrated by the authors and their large signal, as well as, a high gain performance have been reported [6] , [7] . Excellent microwave performance of 140~GHz and GHz has been achieved using GaInP/GaAs HBTs [8] , and chemical beam epitaxy (CBE) using TBA/TBP precursors has been reported for growth of GaInP/GaAs devices [9] . High-speed microwave performance of GaInP/GaAs HBTs can be achieved using various designs such as tunneling emitter [10] , strained InGaAs base [11] , and collector undercut [12] . A common limitation in high speed performance of HBTs has been their relatively large base-emitter capacitance , which results from limited mobile carrier transport and thus charges accumulation in the emitter region [13] . The use of lightly doped emitter with -doping was reported to reduce at low current density [14] , but this does not resolve the problem at high current density where is considerably increased. As expected, a tradeoff exists in the relation between and for high speed performance since is decreased as the collector current increases, while at same time is increased. This tradeoff imposes a difficulty in reducing the emitter transit time and thus enhancing the device microwave performance. The emitter transit time of an HBT can be estimated analytically using the following expression: (1) where emitter transit time of the device; transconductance; base-emitter capacitance; base-collector capacitance; electron charge in the emitter region. Since usually the base-emitter capacitance is much larger than the base-collector capacitance , the first term of (1) is simplified to . Mobile carrier transport takes place in conventional emitter HBT designs by diffusion and results in charge accumulation in the emitter and thus increased . In this work, a composite AlGaAs/GaInP emitter design was employed to reduce the impact of this effect following the approach originally reported by [15] . While the improved HBT performance presented in [15] was only shown theoretically, first experimental results on HBTs designed with this approach were demonstrated by the authors [16] and further theoretical and experimental validation of this concept is reported in this paper.
In the design presented here, a compositionally graded AlGaAs layer forms an electron launcher at the interface with the GaInP layer, which injects the electrons at a high kinetic energy toward the remaining part of the emitter. It leads to lower free carrier concentration and smaller compared to a conventional emitterdesignapproach,evenunderhighcurrent operationconditions. The low free carrier concentration in the emitter is achieved 0018-9383/01$10.00 ©2001 IEEE without any transconductance degradation, due to the high electron velocity in the electron launcher region. As a result, an overall performance improvement compared to conventional emitter design is achieved. This paper provides an analysis of the emitter and total delay times in HBTs and demonstrates the advantages of using electron launcher region in the emitter for reduction of these delay times. Theoretical and experimental verifications of theimproveddelaytimesareshownusingMonteCarlosimulation and through device characterization and small-signal modeling. Furthermore, it is shown that the reported composite emitter HBT design using the AlGaAs/GaInP approach achieves reduced and improved high-frequency performance over a broad collector current range.
II. MONTE CARLO STUDY OF THE COMPOSITE EMITTER DESIGN
Graded AlGaAs-GaInP composite emitter design HBTs were studied using Monte Carlo simulations. This allowed evaluation of transistor band structure, electric field, velocity profile and carrier distribution. The latter provided information on charge changes with current, which are indicative of emitter transit time as will be discussed in this section. As discussed earlier, the graded AlGaAs layer introduced in the composite emitter design is important for reducing the emitter charging time . This layer forms an electron launcher at the interface with the GaInP layer as shown in Fig. 1(a) . The launcher injects electrons into the GaInP region with elevated kinetic energy. This ensures high-energy electron transport through the GaInP emitter and results in overshoot velocity before carriers start being injected into the base, leading to a lower free carrier concentration in the emitter and thus lower . The role of GaInP emitter layer in the composite emitter structure is to block the holes from back-injecting into the emitter and separate the launcher from the base, giving a reduced emitter-base capacitance . Fig. 1 shows the energy-band diagrams and layer structure of GaInP/GaAs composite (a) and conventional (b) emitter design HBTs studied in this work. In case of the GaInP/GaAs conventional emitter design HBT, a 800 Å thick GaInP emitter layer is added to allow comparison with AlGaAs-GaInP composite emitter design HBTs of same overall emitter thickness. Since the energy separation between the band and band in GaInP is small eV , the Al composition at the AlGaAs-GaInP interface must be chosen properly to avoid intervalley scattering.
In this study, an Al composition of 0.22 was chosen to prevent the intervalley scattering. This composition yields an electron launcher with a height of 0.125eV. Fig. 2 shows (a) the electric field and (b) electron density versus distance profiles for GaInP/GaAs conventional and AlGaAs-GaInP composite emitter design HBTs. Compositionally graded AlGaAs emitter HBTs have much stronger electric fields present in the emitter. A maximum value of 40kV/cm is for example observed within the AlGaAs region of the composite design, while no electric field is present in the emitter of the conventional design. The corresponding electron density is therefore dramatically decreased due to the presence of a drift velocity component in this region of the emitter. On the other hand, GaInP conventional emitter HBTs do not have a built-in electric field within the emitter region, and the electron density in this case is increased due to slow transport of carriers and thus carrier accumulation. The enhancement of the drift velocity using the compositionally graded AlGaAs design can be better understood from the results of Fig. 3 . This figure focuses on the velocity characteristics responsible for the improved frequency characteristics reported in the paper. In case of the composite emitter design, the electron velocity is high due to the drift velocity component in the special emitter region. On the contrary, the electron velocity of the conventional emitter design is slower than for the composite emitter design since diffusion carrier transport is dominant in the emitter region, which consists only of GaInP. One sees from these simulations that for the composite emitter design HBT is expected to be smaller than for the conventional emitter HBT due to the stronger electric field in the composite emitter region. This leads to reduced , which is an important parameter in determining the cutoff frequency , where is given by (2) and can be evaluated from . An estimate of for the two designs using Monte Carlo simulation to evaluate showed values of 0.13ps and 0.57ps for the composite and conventional design, respectively, proving the superiority of the former. The theoretically expected carrier density values for designs employing the same concept can be found in Fig. 4 . The thickness and doping concentration (800 Å versus 2000 Å and versus 3 10 cm for composite and conventional emitters, respectively) of the emitter layer employed in this simulation correspond to those of the fabricated HBTs. As shown in the inset of Fig. 4(a) , the increase in the free electron con- centration at the base-emitter junction of the composite emitter design due to increase is small, whereas the increase in the conventional design [see the inset of Fig. 4(b) ] is significant. The difference in the values is again due to the presence of a stronger electric field and thus higher electron velocity in the vicinity of the base-emitter junction of the composite emitter design compared to the conventional design.
III. LAYER STRUCTURE AND DEVICE FABRICATION
The GaInP/GaAs HBT layers were grown by CBE using reduced toxicity precursors such as TBA and TBP. The details of the growth technique and material characteristics were described by the authors [9] , [17] . The composite emitter HBT design consists of a compositionally graded 5 10 cm , 380 Å thick AlGaAs ( 0.22) layer followed by undoped 100 Å thick GaInP, which serves in reducing the spike created in the conduction band of the AlGaAs-GaInP heterointerface. A 400 Å thick (5 10 cm ) GaInP emitter layer is used below the undoped GaInP and a 500 Å GaAs base doped (6 10 cm ) and a 7000 Å GaAs collector (1.5 10 cm ). To better evaluate the advantages of the composite emitter design and validate the proposed approach. an abrupt junction GaInP/GaAs conventional HBT was also fabricated for comparison. The emitter design of the conventional HBT consists, starting from the emitter cap, of an n (1 10 cm ) GaInP, 700 Å thick layer followed by 2000 Å thick GaInP emitter doped n (3 10 cm , a 600 Å GaAs base doped p cm , and a 7000 Å GaAs collector n (1.5 10 cm . The emitter doping and thickness (3 10 cm 2000 ) of the conventional HBT were optimized for sufficient DC gain and high frequency performance. A common design feature of the two HBT structures is a GaInP etch stop layer between the GaAs collector and subcollector. This can be used to form a laterally etched undercut and leads to reduction of the capacitance and thus cutoff frequency as well as maximum oscillation frequency enhancement [17] . Self-aligned HBTs with single 2 30 m emitter fingers were fabricated on the above layers and a photograph of a device before airbridge metal realization is shown in Fig. 5 . The key process features are as follows: Ti/Pt/Au nonalloyed emitter and collector ohmic contacts, Pt/Ti/Pt/Au nonalloyed base contacts, and GaInP emitter etch by HCl and pillar/airbridge fabrication using Ti/Al/Ti/Au. GaAs collector undercut as necessary for reducing was achieved by a wet etching solution consisting of . A cross-sectional view of a completed HBT with laterally etched undercut can be found in a previous report by the authors [17] .
IV. EXPERIMENTAL RESULTS AND ANALYSIS
A. DC and Microwave Performance
The dc characteristics of 2 30 m single emitter finger HBTs with the composite and conventional emitter designs were measured using an HP4145B semiconductor parameter analyzer. Fig. 6 shows the -characteristics of the fabricated 2 30 m single emitter finger GaInP/GaAs HBTs for the composite and conventional emitter devices. A dc gain of 30 and 28, base ideality factors of 1.74, 1.82 and collector ideality factors of 1.15, 1.18 and a collector-emitter breakdown voltage of above 17 V, are obtained for the composite emitter and conventional emitter device, respectively.
The microwave properties of HBTs were measured in common-emitter configuration using on wafer tests and an HP8510B network analyzer. The current and power gain versus frequency characteristics of the composite emitter HBT are shown in Fig. 7 . The current gain cutoff frequency extrapolated from the measured using a 6 dB/Oct. slope rule was 62 GHz for the composite emitter design HBT, and 45 GHz for conventional emitter design HBT. The maximum oscillation frequency from Mason's unilateral gain was 72 GHz at 2.0 V, 18 mA for the composite emitter design and 55 GHz at 2.0 V, 18 mA for the conventional emitter design. Comparison of the microwave performance of the composite emitter and the conventional emitter design shows that the of the composite emitter design is by 38% higher. and were also evaluated from the small-signal HBT equivalent circuit parameters, and the results are also shown in Fig. 7 . The , values found using this approach were 63GHz and 120GHz for the composite emitter design and 45 and 60GHz for the conventional emitter design, respectively. Although the of the composite HBT obtained from this technique is higher than the one obtained by extrapolation (120GHz versus 72GHz), the overall trends are the same and demonstrate the superiority of composite emitter HBTs. Fig. 8 shows bias dependence of and as a function of collector current for the two design HBTs. In case of the composite emitter design, the peak and are 63 GHz at 2 V, 21.5 mA and 84 GHz at 3 V, 20 mA, respectively. The enhanced characteristics at high collector current region obtained for composite emitter HBT [ Fig. 8(a) ] are due to its overall smaller value. The higher of the composite emitter HBTs at low appears to be related to their smaller which results from the lower emitter doping concentration in the composite emitter HBT ( 5 10 versus 3 10 ). It will be analyzed and discussed in more detail in the next section.
B. Device Analysis and Discussion
The HBT small-signal equivalent circuit parameters were directly extracted from measured parameter data using an in-house analytical extraction technique based on a technique that was previously reported [18] . The total delay time and forward transit time were calculated analytically from the impedance block elements of the HBT equivalent circuit. The relations below summarize the approach used [13] , [18] (3) (4) where (5) (6) and is an impedance matrix, is the impedance value of , is the base transport factor, and is the forward transit time. The calculated , as function of frequency from the extracted small signal parameters are shown in Fig. 9 . In case of the composite emitter design, a of 2.33 ps and a of 1.8 ps were achieved, which leads to an emitter delay time of only 0.22 p. was in this case 0.31 ps. On the other hand, the total delay time of the conventional emitter design was 3 ps while its forward transit time was 1.8 p. The resulting emitter delay time for the conventional emitter design was consequently 0.62 ps. These results indicate that the emitter delay time of the composite emitter design leads to enhancement of cutoff frequency which in the case of the tested devices is of the order of 15%. The and dependence on manifests distinct features for composite and conventional emitter designs as shown in Fig. 10 for a 2 30 m single emitter device. The values shown in this figure were obtained experimentally using (5) and (6), from which one finds . In particular, the of composite emitter HBTs is significantly lower than that of conventional emitter designs and presents a weak dependence. This feature is representative of the composite emitter design and as expected from theory leads to enhanced performance. Fig. 11 illustrates that the and on collector current at 2.0 V for the composite and the conventional emitter GaInP/GaAs HBTs.
was obtained experimentally using the relation (7) where , , and are also derived experimentally using the procedure developed by the authors and reported in [18] . As expected, for the composite emitter HBT is reduced by 55-77% compared with the conventional emitter HBT since the electron carrier density is dramatically decreased due to the high drift velocity in this region of the emitter. On the other hand, is a function of collector current and has similar values for both designs over the entire range of investigated collector currents.
V. CONCLUSIONS
Self-aligned composite emitter AlGaAs-GaInP/GaAs HBTs were designed, fabricated, and analyzed. The composite emitter design HBTs showed superior characteristics in terms of reduced emitter-base capacitance and enhanced performance. These results agree with simulated characteristics obtained by Monte Carlo. Experimental studies showed that improved from 44 GHz to 62 GHz by using of the composite emitter design. Also, of the composite emitter design HBT was found to be at least three times lower than that of the conventional emitter design HBT under high bias operation conditions. ACKNOWLEDGMENT
